The next-to-leading-order O(1/Q 4 ) power corrections for ␥ and Ј␥ form factors are evaluated and employed to explore the -Ј mixing. The parameters of the two-mixing-angle scheme are extracted from the data for form factors, two-photon decay widths, and radiative J/ decays. The 2 analysis gives the result f 1 ϭ(1.16Ϯ0.06) f , f 8 ϭ(1.33Ϯ0.23) f , 1 ϭϪ9°Ϯ3°, 8 ϭϪ21.3°Ϯ2.3°, where f 1(8) and 1(8) are the decay constants and the mixing angles for the singlet ͑octet͒ state. In addition, we arrive at a stringent range for f Ј c :Ϫ10 MeVр f Ј c рϪ4 MeV.
I. INTRODUCTION
Recently, the next-to-leading-order ͑NLO͒ power correction has been shown to have an important role in understanding the exclusive processes ␥*→␥ ͓1͔ and ␥*→ ͓2͔. The method for calculating the NLO power correction is called the collinear expansion ͓1,3-6͔. This power expansion method is compatible with perturbative QCD ͑PQCD͒ factorization ͓1,2͔, which gives the amplitude as a convolution of perturbatively calculable hard scattering amplitudes ͑the hard function͒ and nonperturbative hadronic wave functions ͑the soft function͒. Furthermore, it is a Feynman diagram approach such that the partonic interpretation for the NLO power correction can be preserved.
The asymptotic limit of the ␥ transition form factor as 2 f /Q 2 with f ϭ93 MeV, is about 15% higher than the upper end of the CLEO data ͓7͔. This deviation can be successfully explained by the NLO power correction. In addition, the NLO power correction can well describe the low energy portion of the CLEO data. Our purpose in this paper is to generalize the approach for the ␥ form factor to the ␥ and Ј␥ form factors. The first problem we shall face is that there are many independent degrees of freedom associated with the and Ј lowest valence Fock states. The and Ј mesons are admixtures of the SU(3) F octet and singlet states; this gives eight quantities: four wave functions and four related decay constants. The and Ј mesons can also receive contributions from the U(1) A anomaly which gives intrinsic heavy quark and gluon content. To reduce the number of independent degrees of freedom, we invoke phenomenological constraints and physical assumptions about the wave functions and decay constants.
For the phenomenological constraints, we shall employ the large momentum transfer data for the ␥ and Ј␥ transition form factors ͓7-11͔, the two-photon decay widths of the and Ј mesons, and the ratio R J/ of the J/→␥ and J/→Ј␥ decay widths. As for the physical assumptions we shall invoke the SU(3) F octet-singlet mixing scheme. In this mixing scheme, both and Ј are linear combinations of 8 and 1 , the octet and singlet states in the SU(3) F representation. The mixing is controlled by the mixing angle. In the one-mixing-angle scheme, in which the octet and singlet meson states have different decay constants f 8 and f 1 and share a common mixing angle 8 ϭ 1 ϭ, the mixing angle is in the range of Ϫ20°ррϪ10°͓12͔. In recent years, much evidence ͓13,14,18͔ has indicated that a two-mixingangle scheme, in which the octet and singlet mixing angles 8 and 1 can take different values, is more general than the one-mixing-angle scheme. The ␥ and Ј␥ form factors have been investigated by both the one-mixing-angle scheme ͓15-17͔ and two-mixing-angle scheme ͓14͔. We would like to make a more refined analysis of these form factors by including the NLO power correction.
In this paper, we shall investigate the ␥ and Ј␥ form factors and the mixing pattern of the -Ј system by employing the PQCD formula with NLO power correction in the standard hard scattering approach. We shall employ the collinear expansion to derive the NLO ͓O(Q Ϫ4 )͔ power correction for ␥ and Ј␥ form factors in Sec. II. In Sec. III we shall analyze the high momentum transfer data for form factors, the two-photon decay widths, and the ratio R J/ . The values of the mixing parameters are determined from a 2 analysis of the data. Section IV is devoted to conclusions.
II. ␥ AND Ј␥ FORM FACTORS AND COLLINEAR

EXPANSION
Our strategy in calculating the power corrections to the and Ј meson-photon transition form factor is to invoke the collinear expansion ͓1,4 -6͔. For simplicity, we shall first ignore the meson mass effects. That is, we choose the momentum of the initial state meson, P 1 , and that of the final state photon, P 2 , as
such that the virtual photon has momentum qϭ P 2 Ϫ P 1 with virtuality q 2 ϭϪQ 2 to make PQCD applicable. The vectors p and n are in the ϩ and Ϫ directions in the light-cone refer-*Electronic address: twyeh@cc.nctu.edu.tw ence frame and have the properties p 2 ϭn 2 ϭ0 and p•n ϭ1. M P denotes the mass of the initial state meson. For the Feynman diagrams displayed in Figs. 1͑a͒ and 1͑b͒ , the amplitudes are written as
where the trace is taken over the color and spin indices and the meson distribution amplitude ͑DA͒ ⌽(k, P 1 ,Q 2 ) for the P(ϭ,Ј) meson is expressed
We assign the loop momentum k for the valence antiquark and let it flow into the hard function. The hard function H(k, P 2 ,Q 2 ) contains two parton-photon interaction vertices and one virtual internal parton propagator. The amplitude A contains leading, next-to-leading and higher twist contributions. The quantity twist is understood as an effective twist for nonlocal operators and is not exactly the same as the usual twist defined for local operators. The twist has different meanings for the hard and soft functions. For the hard function, the twist is defined as the power of the inverse of the photon virtuality Q, and, for the soft function, the twist represents the power of the small scale ⌳ with magnitude of order ⌳ QCD . By employing collinear expansion, we can systematically separate the leading-twist ͑LT͒ contributions from the next-to-leading-twist ͑NLT͒ contributions. The LT contributions are from collinear loop momentum k ϭxp. It is therefore convenient to parametrize the loop momentum k into
where k contains the on-shell part
and the off-shell part
In the first step, we expand the hard function H(k) with respect to k as
With the help of k L and k S , we can factorize the loop parton propagator F(k)ϭϪi/(k " Ϫi⑀) into its long distance part F L (k) and short distance part ͑the special propagator defined in ͓6͔͒ F S (k), which are expressed as
The propagators F L (k) and F S (k) have different physical meanings. To see this, let us consider their propagation on the light cone. The integrals of F L (k) and
where and mean the light-cone distances in the Ϫ direction. It is obvious that F S (k) is not propagating on the light cone. This means that F S (k) should be included in the hard function. By dimensional counting,
. Therefore, including one F S (k) in the hard function causes an increase of one twist order for the hard function.
There are different effects as F L (k) and F S (k) act on the spin structures of the hard function, the terms proportional to p " or n " . As F L (k) acts on p " , its collinear part vanishes and noncollinear parts are retained:
where the minus sign comes from the antiparticle propagator. The vertex i␥ ␣ and short distance propagator F S (k) are then absorbed into the hard function. The factor (kϪk ) ␣ is included in the soft function to become a coordinate derivative of the quark fields. As F L (k) acts on n " , its collinear part contributes to leading order. The short distance propagator F S (k) only serves to introduce the interaction term q A " q for the p " vertex, where A ␣ denote the gluon fields. The total effects of F L (k) and F S (k) acting on p " are to include one i␥ ␣ and one F S (k) into the hard function and to absorb the factor (kϪk ) ␣ and gauge fields A ␣ into the soft function to become a covariant derivative D ␣ ϭi‫ץ‬ ␣ ϪgA ␣ with g the strong coupling.
The contributions from the second term of Eq. ͑7͒ and from Figs. 1͑c͒ and 1͑d͒ are of twist 6 or higher and will not be considered in the discussion below. The reason is that the possible nonvanishing components of ␥ ␣ in ‫ץ‬H(k)/‫ץ‬k ␣ are ␣ϭϩ or Ϫ, but both vanish as ‫ץ‬H(k)/‫ץ‬k ␣ contracts with
We substitute the first term of Eq. ͑7͒ into the integral with the soft function and apply the identity ͵ dx␦͑xϪk•n ͒ϭ1 ͑11͒ to convert the loop momentum integral into the fractional variable integral. The amplitude then becomes, approximately,
which contains LT and NLT contributions. The meson DA ⌽(x) has the expression
ix ͗0͉q ͑ 0 ͒q͑ n ͉͒P͘.
͑13͒
We now discuss how to separate the LT from the NLT contributions for amplitude A. Because the final state photon is real and has transverse polarization, the hard function
where ␥ Ќ ϭ␥ ␣ with ␣ϭ1,2. The first spin structure leads to the LT contribution, while the second and third result in the NLT contributions. The last spin structure would lead to a next-to-next-to-leading-twist contribution and will not be considered below. To calculate the NLT contributions, we need to apply Eq. ͑10͒ to extract the contributions from the noncollinear loop momentum. As a result, we get the amplitude up to NLT as
where the first term of the right-hand side of Eq. ͑14͒ comes from the Feynman diagrams shown in Figs. 1͑a͒ and 1͑b͒ and the second term from the diagrams shown in Fig. 2 . The tensor
and the NLT meson DA ⌽ ␣ (x) is expressed
The factorization of the momentum integral is finished. To complete the factorization, we still need to perform the factorizations of the color and spin indices. To separate the color indices, we take the convention that the color factors of the hard function are extracted and absorbed into the soft function. As for the spin indices, we employ the expansion of the soft functions into their spin components
where ⌫ denotes the gamma matrix and ⌫(;␣) is the related spin component of the distribution amplitude. For a given order of 1/Q 2 , we choose the component ⌫(;␣) with lowest twist. The determination of the lowest twist ⌫(;␣) can be done as follows. First, we notice that the tensor structure of
and ⑀ Ќ ␣␤ ϭ⑀ ␣␤␥ p ␥ n . The vectors p and n have dimensions ͓ p͔ϭ1 and ͓n͔ϭϪ1 with respect to the hard scale Q. Secondly, note that the matrix element for the soft function is written as ⌽ϳ͗0͉q q͉P͘,
From the above facts, we can derive a power counting rule as follows. Consider that 1 ••• F ;␣ 1 •••␣ B has the fermion index F and the boson index B. The fermion index F arise from the spin index factorization for 2F fermion lines connecting the soft function and the hard function and the boson index B denotes the n D power of momenta in the previous collinear expansion and the n G gluon lines as Bϭn D ϩn G . We may write
where ⌳ denotes a small scale associated with DA. The spin polarizers e i denote the combination of vectors p , n , and ␥ Ќ . The variable i represents the twist of DA i . The re-
which are due to the fact that the polarizers e i are always projected by
By equating the dimensions of both sides of Eq. ͑19͒, one can derive the minimum of i ,
The next-to-leading-twist ͑NLT͒ diagrams for ␥*(Ј)→␥. The propagator with one bar is the special propagator.
It is obvious from Eq. ͑22͒ that there are only finite numbers of fermion lines, gluon lines and derivatives contributing to a given power of 1/Q 2 . We now demonstrate that the collinear expansion is compatible with the conventional approach for proving the PQCD factorization at one-loop order of the radiative correction. To show this, we consider the radiative correction for H(x) as displayed in Fig. 3͑a͒ . If the radiative gluon in Fig.  3͑a͒ is collinear with momentum
, where ӶQ, the lower virtual antiquark has the momentum (kϪl)ϳ(Q, 2 /Q,) with kϭxP 1 . It is obvious that the virtual antiquark in the collinear region behaves similarly to the loop antiquark in the tree amplitude. The collinear expansion for Fig. 3͑a͒ in the collinear region is the same as the expansion for the tree diagram Fig. 1͑a͒ in the leading configuration. To demonstrate this, we write the integrand for Fig. 3͑a͒ as
where we have defined l 1 ϭkϪl,l 2 ϭ( P 1 Ϫkϩl), l 3 ϭ P 2 Ϫkϩl,
and F(l i )ϭ1/ł i . We first expand H 3a (l):
with lϭ(xϪ) P 1 . Repeating the same considerations for the expansion of the tree amplitude, we can recast I 3a into
where
It is obvious that both ⌽ 3a () and ⌽ 3a ␣Ј () are collinear divergent for collinear l. We introduce corresponding soft functions ⌽ 0
(1) and ⌽ 1 (1) to absorb ⌽ 3a () and ⌽ 3a ␣Ј (). The corresponding tree level hard functions are denoted as H 0 (0) and H 1 (0) , respectively. If the radiative gluons in Fig. 3͑a͒ are soft, i.e., the gluons have momentum lϭ(l ϩ ,l Ϫ ,l Ќ ) ϳ(,,), there are no effects on power expansion. This is because the eikonal approximation up to O(1/Q 6 ) can be applied to factorize the soft gluons from the valence quark propagator. The other two particle reducible diagrams Figs. 3͑b͒ and 3͑c͒ can be dealt with similarly. It is noted that the double logarithms in Figs. 3͑a͒-3͑c͒ arising from the mixing contributions from the soft and collinear divergences cancel each other. In the light-cone gauge n•Aϭ0, Figs. 3͑d͒ and 3͑e͒ in the collinear region are more suppressed than Figs. 3͑a͒-3͑c͒ in the collinear region by, at least, 1/Q 2 . After subtracting the soft contributions ͑the soft and collinear divergences͒ from the one-loop radiative correction diagrams Figs. 3͑a͒-3͑c͒, we can obtain the one-loop corrected hard functions ͑LO and NLO͒ H 0 (1) and H 1 (1) , separately. The analysis for the radiative corrections to H ␣ (x) is simple, since it involves only radiative corrections and has no need to consider collinear expansion. The diagrams for the radiative corrections to H ␣ (x) are shown in Fig. 4 . As a result, up to first order in radiative and power corrections, we can arrive at the factorized amplitudes as where the superscript indices i (iϭ0,1) denote the order of radiative correction and the subscript indices j ( jϭ0,1) mean the order of power correction. The notation represents the convolution integral and the trace over the color and spin indices. To prove PQCD factorization, we need to generalize the one-loop factorization to arbitrary orders. It can be done straightforwardly ͓19-22͔.
For convenience, we may write the amplitude as
where ⑀ denotes the polarization vector of the final state photon. The form factors are expressed in terms of the octet and singlet components:
where the expansion coefficients a P P i , Pϭ,Ј,iϭ8,1, depend on the mixing scheme ͑see the next section͒. Because of the -Ј mixing, we take the octet and singlet states as the basis for our investigation of the form factors. The superscript iϭ8 or 1 denotes the contributions from octet or singlet current ͑see notation below͒. The leading order of
is calculated from Figs. 1͑a͒ and 1͑b͒ and takes the expression
where the charge factors are defined as C 8 ϭ(e u 2 ϩe d 2 Ϫ2e s 2 )/ͱ6 and C 1 ϭ(e u 2 ϩe d 2 ϩe s 2 )/ͱ3. The NLO of F P i ␥ (Q 2 ) is evaluated from Fig. 2 as
͑32͒
We have taken the symmetry between the exchange of x↔(1Ϫx) for P i (x), G P i (x), and G P i (x). The relevant DAs are expressed explicitly as follows:
where nonlocal currents are defined as
͑36͒
Because of the factor 1Ϫ2x for G P i , G P i become dominant. The normalizations of P i and G P i are determined from the leptonic weak decay and the axial anomaly for P i meson, respectively. This is similar to the pion case ͓1͔.
III. THE MIXING SCHEMES
We employ the SU(3) F octet and singlet states to describe the -Ј system. The and Ј meson states can be described by means of the octet and singlet states ͉ 8 ͘ and ͉ 1 ͘ through the one-mixing-angle scheme: 
To proceed, we also assume that the octet and singlet DAs take asymptotic form. Therefore, we have i (x)ϭ3 f i x(1 Ϫx)/ͱ2 and G i (x)ϭ3ͱ2 2 f i 3 x(1Ϫx). The form factors F i ␥ (Q 2 ) (iϭ8,1) are simplified by substituting i (x) and
͑39͒
Using Eq. ͑39͒ in Eq. ͑38͒, we can derive the coefficients a P P i in Eq. ͑30͒.
To compare the form factors with the data, we extrapolate the form factors to all orders:
This formula gives theoretical support to the approach using the interpolating formula for the ␥ and Ј␥ form factors
͓18͔.
The decay constants f i ,iϭ8,1, and the mixing angle will be determined by a least 2 fit to the transition form factor data above 1 GeV 2 and the two-photon decay widths ͓23͔ ⌫͓→␥␥͔ϭ0.46Ϯ0.04 keV,
⌫͓Ј→␥␥͔ϭ4.28Ϯ0.19 keV. ͑41͒
The decay rates have the theoretical expressions
where the decay constants are defined as
The 2 fit results are shown as fit I in Figs. 5 and 6 and in Table I . It is seen that fit I is in good agreement with the data for the form factors. To test the fit parameters, we employ the ratio of the decay rates for J/ in Ј␥ and ␥:
It is usually assumed that the radiative J/→(Ј)␥ decays are dominated by nonperturbative gluon matrix elements ͗0͉GG ͉Ј͘ and ͗0͉GG ͉͘ such that the ratio takes the ex-
The results of the 2 fit to the ␥ transition form factor within the one-mixingangle scheme ͑the solid line͒ and the two-mixingangle scheme ͑the dashed line͒. The data points are taken from ͓7-11͔.
2 )/2 being the three-momentum of the P meson. Our fit result is close to the one obtained from chiral perturbation theory (PT), except for the octet decay constant f 8 ϭ f Ͻ1.28f ,
The octet decay constant f 8 is calculable by PT up to the one-loop approximation
It is noted that the predicted results for ⌫(→␥␥), ⌫(Ј →␥␥), and R J/ shown in Table I are close to the experimental values within 1 accuracy. Recently, it has been proposed ͓13,14,18͔ that ͉͘ and ͉Ј͘ can mix through a two mixing-angle-scheme as
where i denote the mixing angles. Using this mixing scheme, the ␥ and Ј␥ form factors can be expressed, respectively, as
The form factors F i ␥ (Q 2 ) are the same as those in the onemixing-angle scheme. We first change the values of f i and i to fit the data. The 2 fit result is shown as fit II in Figs. 5 and 6 and Table I . From fit I and fit II in Table I , it is found that the two-mixing-angle scheme is better in accuracy than the one-mixing-angle scheme by 100%. This is close to the investigations of ͓13,14,18͔.
A large value of f Ј c ϭcos 1 f c ͓25,26͔, which is responsible for the intrinsic charm content of the Ј meson, has been proposed to resolve the large branching ratios BR(B→ЈK) and BR(B→X s ␥). We may explore this within our approach by adding intrinsic charm content into our formalism. The effects of the intrinsic charm content are similar to that of the singlet component. That means one can replace f 1 with f c ϭ f Ј c /cos 1 , the decay constant for intrinsic charm for the corresponding singlet terms. That is the part of the form factors from the intrinsic charm, with the expression TABLE I. The results of the 2 fit to the ␥ and Ј␥ transition form factors and the two-photon widths within the one-and two-mixing-angle schemes. 
where e c ϭ2/3 and the related DAs are c (x)ϭ3 f c x(1 Ϫx)/ͱ2 and G c (x)ϭ3ͱ2 2 f c 2 x(1Ϫx). The effect from the large value of the charm quark mass has been absorbed into the twist-4 DA G c (x) ͓1͔. After including the contribution of the intrinsic charm, the ␥ and Ј␥ form factors then become
As in the case of the octet and singlet form factors, the extrapolation of F c ␥ (Q 2 ) to all orders is implied. It is clear from Eq. ͑51͒ that the form factor F Ј ␥ (Q 2 ) has a larger dependence on f c than F ␥ (Q 2 ). We make a least 2 fit to the form factor data to determine possible values of f c by keeping the other parameters fixed. From Table II , one may see that including the intrinsic charm content can indeed improve the accuracy. This shows that our formalism is consistent with perturbation theory and that the higher Fock state can be reasonably added in. As shown below, the allowed value for f c is less than f . In literature ͓14,18,25,26͔, f c is proposed in the range Ϫ140 MeVр f c р15 MeV. To test this, we plot in Fig. 7 the 2 distribution for each set of mixing parameters listed in Table II From the above analysis, one may see that combining the high energy data and the low energy experiment can result in constraints on the mixing parameters in a very efficient way. We can give a general analysis for the two-mixing-angle scheme. We shall investigate the 2 distributions of the mixing parameters. The procedure of analysis is as follows. We first separate the data into two groups. The data for the form factors, the two-photon decay rates, and the ratio for J/ radiative decays are denoted as set I while the latter two data are chosen as set II. We then determine the least 2 values for sets I and II. The reason for separating the data into set I and set II is that neither set I nor set II can completely constrain the parameters. The parameters located within 1 accuracy of set I still have large uncertainties and require further restrictions, which can be obtained from the data set II. To be more explicit, we plot the allowable regions for the mixing parameters within 1 error with respect to those values associated with the minimal 2 points. As shown in Figs. 8 and 9, both allowable regions for data sets I and II are large while their intersections are rather restricted. The reason for this fact is easily understood. Within the data set I, the experimental errors are shared for high and low energy data. Because the 2 distribution can only measure the correlations between the mixing parameters, the aim of constraining each parameter in an independent way cannot be met, and only partial restrictions over the correlations of the parameters can be derived. This can be seen from Fig. 8 , in which the f 8 parameter is not contrained in a reasonable way. To compensate this flaw, we note that the 2 distribution of data set II can intersect with the 2 distribution of data set I. The intersections between the two 2 distributions can give better constraints on the parameters than the data set I or II. One should note that, although the data set II is a subset of the data set I, 2 distribution of the data set II is not necessarily a subset of the 2 distribution of data set I, since the effects of correlations between the parameters are different for the two data sets. From the overlapping regions of the data sets I and II at 1 error, we may extract from Figs. 8 and 9 the allowable regions for the mixing parameters. In Fig. 8 , we plot the possible allowable ranges for f 8 and f 1 . It can be observed from Fig. 8 that the overlapping region for f 8 and f 1 is quite stringent: 1.1р f 8 / f р1.56 and 1.1р f 1 / f р1.22. Figure 9 shows the allowable region for 1 and 8 from both data set I and set II. The overlapping region indicates that Ϫ12°р 1 рϪ6°and Ϫ23.6°р 8 рϪ19°.
Combining Figs The error in the scaled ␥ form factor being larger than that of the scaled Ј␥ form factor is because the errors in the data for the ␥ and Ј␥ form factors are shared in our analysis. This is consistent with the concept of -Ј mixing.
IV. CONCLUSIONS
We have shown that the collinear expansion for ␥*(Ј)→␥ can be systematically performed in compatibility with PQCD factorization. The O(Q Ϫ4 ) power corrections for F ␥ (Q 2 ) and F Ј ␥ (Q 2 ) were evaluated. The magnitudes of NLO power corrections were determined.
We made a general analysis for the allowed values for the mixing parameters by combining the high and low energy data. Except for f 8 , the other three parameters f 1 , 8(1) can be constrained in a reasonable region. The large error for the fit of f 8 is mainly from the experimental error and can be improved by future experiments with higher accuracy. At present, we would invoke the chiral perturbation theory calculation for f 8 .
We have also shown that the intrinsic charm content of Ј meson has little contribution. Any sizable contribution from the intrinsic charm would lead to a large 2 value as shown in Fig. 7 is dynamic and it can be argued that they are of twist 6 at least. This is because the associated spin projector is n " ␥ 5 ͑cf. the leading spin projector p " ␥ 5 ), which will introduce two additional F S propagators into the related hard function. As a result, the dynamical type meson mass corrections are of order O(M P 2 ⌳ 4 /Q 6 ). Of course, a complete analysis for these meson mass effects is important.
